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Abstract: A low-carbon anti-wear steel, multi-alloyed with Si-Cr-Mn-Al-Ni-Mo-(Nb, RE), was designed for vane pumps of ships. 
The novel cast steel after various heat treatments was characterized by microstructure observations and mechanical properties 
measurement in order to achieve an optimal process correlated with good abrasive resistance for a long marine service. Differential 
scanning calorimetry and hardness analyses deduced a complete austenitizing temperature of 1 000 °C, based on the alloying element 
homogenization and defective structure elimination without grain coarsening. An optimal austempering process (austenitized at     
1 000 °C, quick cooled for holding at 350 °C for 1.5 h and then air-cooled to room temperature) produced a uniform mixture 
structure of fine carbide-free aciculate bainites and few lath martensites, resulting in the tensile strength increase of 34% and impact 
toughness increase of 50% compared with that of the as-cast steel. The abrasive wheel tests show that the austempered steel has good 
wear resistance with a mass-loss rate of 170 mg/(km·cm2) under applied load of 70 N in acidic slurry. The new grade steel 
(containing anti-corrosion elements of Cr and rare earth) can find wide application in marine engineering, with further enhanced 
comprehensive properties via melting process improvement. 
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1 Introduction 
 
Abrasion wear is an extremely serious problem for 
marine steel structures and hydraulic machinery, such as 
the bucket of dredgers and centrifugal pump vanes, due 
to the impact and abrasion action of hard particles 
suspended in the flowing water [1−2]. The abrasive 
damage of the steel parts is influenced by fluid 
composition and flow regime, especially by the 
properties of the materials used, including hardness, 
fracture strength, impact toughness and corrosion 
resistance [3−4]. Therefore, considerable efforts have 
been made on the development of new grade anti-wear 
steel (e.g. low-carbon bainitic steels), and the 
improvement of the abrasion resistance of conventional 
marine steels [5−7]. 
Low-carbon bainitic steels are considered as the 
candidate materials for heavy-duty rails and have been 
applied successfully as railway-crossings, due to their 
better or comparable wear resistance [8−9]. The steels 
usually contain 0.15%−0.45% C, 0.3%−2.0% Mn, 
0.15%−0.2% Si, 0.5%−3.0% Cr, and at least one element 
from Mo, Ni, Cu, Nb, V, Ti or B [10−12]. Their heat 
treatments are absolutely necessary to obtain bainitic 
microstructures with acicular ferrite matrixes plus 
discrete carbide particles. Ultra-fine bainitic 
microstructures, formed from austenite microstructures 
by isothermal transformations or continuous cooling 
transformations (CCT), can endow the steels with 
excellent mechanical properties and wear resistance 
[13−15]. Therefore, the acicular ferritic bainitic is 
superior to conventional ferrite-pearlite microstructures 
and might be the optimal microstructure for marine steels 
in severe environment. 
The present work was to investigate the heat 
treatment process of a novel low-carbon anti-wear marine 
steel (LCAWS) and preliminarily assess the potential of 
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the steel with the bainitic microstructure. The novel steel, 
designed for the vane pumps of ships, was multi-alloyed 
with Si, Cr, Mn, Al, Ni, Mo and Nb (RE) elements. 
Corrosion control is necessary for a new bainitic steel to 
use in the hazard marine environment, thus Cr and RE 
(rare earth) elements are added. This steel is expected to 
possess high strength, good ductility and weldability, as 
well as high abrasion resistance in acidic slurry. At 
present, the main vane materials include carbon steels, 
low alloy steels and high-chromium cast-irons. The 
strength, ductility, wearability and weldability of these 
materials are not desirable, thus leading to urgent need 
for novel vane steels with good comprehensive 
properties. It is noted that the study on the bainitic 
marine steels has not been reported before. The present 
investigation will be beneficial to the extended 
application of cast bainitic steels and the production of 
high performance vane steels. 
 
2 Experimental 
 
2.1 Materials 
The LCAWS steel, with the composition given in 
Table 1, was melted in an arc furnace and cast into a 
rectangular flat ingot in dimensions of 35 mm×160 
mm×205 mm. The addition of Mo can severely retard the 
formation of ferrite and pearlite, and therefore the 
bainitic microstructure can be achieved over a wide 
range of cooling rates [16]. Metallic alloying elements 
(e.g. Ni, Cr and Mn) acted to depress the 
bainite-transformation onset temperature (Bs) [17], since 
lowering this temperature can increase the strength 
properties without any significant loss in its ductility. 
Carbon, the strongest alloying addition having great 
effect on the Bs of the steels, was held to 0.15% (mass 
fraction) for good weldability and impact properties. The 
Bs of the LCAWS steel is approximately 557.5 °C, 
calculated from the equations developed by STEVEN and 
 
Table 1 Chemical compositions of low-carbon anti-wear 
marine steel (mass fraction, %) 
Containing 
element 
Designed 
composition 
Actual 
composition 
C 0.15 0.16 
Si 1.60 1.51 
Cr 1.60 1.09 
Mn 0.80 0.95 
Ni 0.40 0.43 
Mo 0.40 0.27 
Al 0.60 0.50 
Nb, Re  ≤0.1 0.10 
Fe Bal. Bal. 
HAYNES [18]. Furthermore, Nb, RE and Al additions 
would be expected to improve the corrosion resistance in 
conjunction with Cr element. 
 
2.2 Material testing 
The samples with dimensions of 10 mm×10 mm×10 
mm cut from the as-received plates were used for heat 
treatments, metallographic observations and phase 
analyses. The heat treatment procedure involved a 
high-temperature austenization, and an air quenching 
after austenization or austempering for obtaining various 
microstructures during the bainite transformation. The 
austempering was carried out below the calculated Bs for 
0.5−1.5 h, followed by air cooling. All heating and 
holding processes were performed on an SX2−4−10 
resistance furnace. An STA409PC/4/H differential 
thermal analyzer was used to determine the temperature 
range of the austenite transformation. The samples for 
metallographic examinations were mechanically polished 
and etched in a 4% nitric acid alcohol solution. An 
optical microscopy and a scanning electron microscopy 
(SEM) were used for the microstructures observation. 
The hardness measurements were performed using a 
Rockwell hardness tester (HR−150DT, China). Tensile 
tests were carried out by an universal testing machine 
(GB/T 228—2002, China standard), and the smooth 
polished cylindrical samples with a diameter of 10 mm 
and a gauge length of 50 mm were used. Charpy impact 
tests were carried out by the samples with dimensions of 
10 mm×10 mm×55 mm by a JG30 drop-testing machine 
at room temperature (by GB/T18658— 2002, China 
standard). In order to study the failure mechanism the 
fracture surfaces of the samples were observed by SEM. 
MLS−225 wetting abrasive rubber-wheel tester was 
used to evaluate the wear resistance of the LCAWS steel 
subjected to impact/abrasion contacts in the simulated 
marine environment. The medium is the acidic slurry 
containing small quartz sands with the sand-water ratio 
of 4:3, the sand mesh of 20 and pH value of 3. The 
abrasive samples with dimensions of 57 mm×25.5 mm× 
6 mm were loaded against a rubber wheel which was 178 
mm in diameter with a speed of 192 r/min (i.e. 1.79 m/s) 
and the applied loads were from 24 N to 72 N. Wear 
resistance was evaluated by removing the samples every 
30 min and recording the mass loss of three parallel 
samples. The surface morphologies of the worn samples 
were observed by SEM. 
 
3 Results and discussion 
 
3.1 Determination of austenitizing process 
Figure 1(a) shows the typical optical micrographs of 
the as-cast LCAWS sample. It is clear that the 
as-received ingot has a nonhomogeneous microstructure 
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with massive white constituents which are pro-eutectoid 
ferrites with the hardness of 270−300 (HV). Additionally, 
the results of SEM observations indicated that the small 
amount of refractory compounds with the size of 3−10 
μm appeared in the casting microstructure, as shown in 
Fig. 1(b), which mainly consists of Al and Al2O3 phases 
on the basis of EDX analysis. The results implied that the 
melting process still needs further improvement and the 
subsequence heat treatments are necessary. The as-cast 
LCAWS steel should be completely austenitized to 
promote the fully dissolution of the pro-eutectoid ferrites. 
Uniform bainitic microstructures with high 
comprehensive properties can be formed from austenites 
by isothermal transformations or continuous cooling 
transformations. 
 
 
Fig. 1 Micrographs of massive pro-eutectoid ferrites (a) and 
refractory compound (b) in as-cast steel 
 
The differential scanning calorimetry (DSC) result 
of Fig. 2 presents the temperature range of the austenite 
transformation of the as-cast sample. It is obvious that 
the as-cast LCAWS steel can be uniformly austenitized 
after holding enough time at 850−1 000 °C. Therefore, 
microstructures and hardness of five groups of water- 
quenched samples (after anstenitizing at 850, 900, 950,  
1 000 and 1 050 °C for 10 min, respectively) were 
comparatively analyzed to optimize the complete 
austenitizing temperature. The holding time during the 
austenite transformation was calculated according to the 
empirical formula, t=kτ, where k=1.0−1.2 min/mm and τ 
is specimen thickness with unit mm. The results of the 
hardness measurements, as shown in Fig. 3, demonstrate 
that the samples austenitized at 950−1 000 °C have 
higher hardness values of 41−42 HRC. From Fig. 4 it can 
be observed that the microstructures are uniform and 
dense after water-quenching, and it is suitable for 
complete austenitizing of the cast steel in the temperature 
range of 950−1 000 °C. Previous research reported that 
the low-carbon steel, containing some carbide-inhibitor 
elements, inclines to form fine bainitic lath structures 
with increasing the austenitizing temperature [19]. 
Generally, a complete austenitizing processed by high 
temperature heating, about 50 °C higher than Ac3, and 
short holding time is recommended for homogenization 
of the alloy elements and the elimination of defective 
structures without grain coarsening. Therefore, the 
optimum austenitizing temperature for the as-cast sample 
was set at 1 000 °C. 
 
 
Fig. 2 Differential scanning calorimetry (DSC) analysis 
indicating temperature range of austenite transformation of 
as-cast steel 
 
 
Fig. 3 Hardness versus austenitizing temperature of water- 
quenched LCAWS samples 
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3.2 Air-quenching and tempering for bainite- 
martensite (B/M) multiphase steel 
As listed in Table 1, the low-carbon steel prepared 
in the present study contains some carbide-inhibitor 
elements, such as Si, Al, and Mo, which can retard the 
carbides precipitation during the continuous cooling 
transformation (CCT). Moreover, the alloying elements 
make the pearlite region and the bainite region in CCT 
map significantly separated, and thus the carbide-free 
bainite can be obtained in a wider cooling rate range. 
Therefore, four groups of the samples, air-quenched to 
room temperature (RT) and tempered at various 
temperatures, were used to investigate the formation 
conditions of the B/M mixture microstructures for 
simplifying the routine of the heat treatment with higher 
mechanical properties and production efficiency. 
Figure 5 illustrates the optical micrographs of the 
cast steel after austenitized at 1 000 °C for 10 min, then 
air-quenched to room temperature and tempered for 1.5 h 
at 200, 250, 300 and 350 °C, respectively. The effects of 
the tempering temperature on their hardness are 
illustrated in Fig. 6. The micrographs presented in   
Figs. 5(a) and (b) imply that the air-quenched samples 
can achieve uniform and fine lathy low bainite 
microstructures because the alloying elements effectively 
retard the pearlite transformation and lower the Bs point. 
Adding noncarbide forming elements such as Si and Al is 
advantageous for the formation of carbide-free bainites 
with high strength and good toughness under low cooling 
rate conditions，such as air cooling. It is clear that the 
sample tempered at 250 °C has a lower hardness value, 
which may be attributed to the presence of acicular  
 
 
Fig. 4 Micrographs of water-quenched steel after austenitizing at 950 °C (a) and 1 000 °C (b) 
 
 
Fig. 5 Micrographs of cast steel after austenitizing at 1 000 °C for 10 min, air-quenching to room temperature and tempering for 1.5 h 
at different temperatures: (a) 200 °C; (b) 250 °C; (c) 300 °C; (d) 350 °C 
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Fig. 6 Hardness versus tempering temperature of air-quenched 
LCAWS samples 
 
troostite. An obvious secondary hardening appears when 
the steel is tempered at 300 °C, which results from the 
formation of low-temper martensites, as shown in    
Fig. 5(c). It is found that the average hardness value of 
the samples tempered at 300 °C increases about 6 HRC 
than that tempered at 250 °C. And the sample tempered 
at 350 °C has a hardness value of about 34 HRC and 
achieves lathy B/M mixture microstructures with 
granular bainites, as shown in Fig. 5(d). Therefore, based 
on previous optical observations and hardness 
measurements, optimal process conditions for B/M 
mixture microstructures may be recommended for 
LCAWS steel, i.e., austenitized at 1 000 °C, air-quenched 
to RT and then tempered at 350 °C for 1.5 h. 
 
3.3 Austempering for bainite steel 
Figures 7(a)−(c) present the optical micrographs of 
the cast steel after austenitizing at 1 000°C for 10 min, 
quick cooling and then austempering at 400 °C for 0.5, 
1.0 and 1.5 h followed by air-cooling, respectively. 
Figure 7(a) shows that, the mixture microstructure (about 
36 HRC) with lathy martensites, granular bainites and a 
spot of acicular bainites forms in the sample austempered 
at 400 °C for 0.5 h. And when the holding time is 
increased, the austempered microstructures consist of less 
 
 
Fig. 7 Optical micrographs of cast steel after 
austenitizing at 1 000 °C for 10 min and then 
austempering at 400 °C for 0.5 h (a), 400 °C 
for 1.0 h (b), 400 °C for 1.5 h (c), 450 °C for 
1.5 h (d) and 350 °C for 1.5 h (e) followed 
air-cooling 
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martensites and more acicular bainites precipitated in 
austenite grain interiors or on austenite grain boundaries, 
as shown in Figs. 7(b) and (c). However, the longer 
holding time raises the growing tendency of the acicular 
bainites and lowers the hardness of the austempered 
samples. XRD analysis reveals that no carbides present 
on the RT microstructure austempered at 400 °C. This 
implies that high Si content can significantly inhibit the 
carbide precipitation during the temperature range of the 
pearlite transformation and thus is beneficial for the 
formation of carbide-free bainite microstructures. 
The effect of the LCAWS austempering temperature 
on its RT microstructure was also investigated by optical 
observations. As shown in Fig. 7(d), after austempered at 
450 °C for 1.5 h, the RT microstructure of LCAWS with 
the hardness of 32−36 HRC consists of large upper 
bainite lamellar, less granular bainites, less acicular 
bainites precipitated on austenite grain boundaries and 
partial martensites. Compared with Figs. 7(c) and (d), 
Fig. 7(e) shows that the austempering temperature of 350 
°C is very suitable for the formation of dense and 
uniform carbide-free bainites, since fine acicular bainites, 
few martensites and retained austenites formed mainly in 
the sample austempered at 350 °C for 1.5 h (37.5 HRC). 
Therefore, from previous optical observations and 
hardness measurements, the optimal austempering 
process conditions are deduced for the LCAWS steel, i.e., 
austenitized at 1 000 °C, quickly cooled and then 
austemped at 350 °C for 1.5 h followed by air-cooling. 
 
3.4 Mechanical and abrasive properties of bainite steel 
Table 2 presents mechanical properties of the 
LCAWS samples in as-cast state after two optimized heat 
treatments. It is clear that the austempered sample, due to 
the uniform carbide-free aciculate bainite microstructure 
mixed few lath martensites (Fig. 7(e)), has higher tensile 
strength by 34% and impact toughness by 50% at RT 
than those of the as-cast materials. The sample tempered 
at 350 °C for 1.5 h after air quenching is also endowed 
better mechanical properties of σb=900 MPa, which is 
higher than that of the as-cast one, due to the presence of  
 
Table 2 Mechanical properties of LCAWS before and after 
optimal heat treatments 
Sample 
state 
Ultimate 
strength, 
δb/MPa 
Yield 
strength, 
δ0.2/MPa 
Impact  
energy, 
EKV/(J·cm−2)
As-cast 650 525 5.78 
Austempered at 
350 °C for 1.5 h 875 705 14.5 
Tempered at 350 
°C for 1.5 h after 
air quenching 
900 728 11.3 
lath martensites and few granular bainites as shown in 
Fig. 5(d). The hardness and tensile strength of the 
tempered sample are higher but the impact toughness is 
lower than that of the austempered sample. This indicates 
that austempering carbide-free bainites can contribute to 
enhancing abrasive resistance superior to tempering 
martensites. 
Figure 8 presents SEM fractographs of the impact 
fractured LCAWS samples with different treatments of  
as-cast, austempered at 350 °C for 1.5 h and tempered at 
350 °C for 1.5 h after air quenching, respectively. Clearly, 
less and uneven spherical dimples locate on the fractured 
section of the as-cast sample, as shown in Fig. 8(a). It is 
believed that the poor toughness results from the 
existence of large amount of casting defects, such as 
cavities and massive pro-eutectoid ferrites. These defects 
 
 
Fig. 8 SEM fractographs of impact fractured cast steel with 
different treatments: (a) As-cast; (b) Austempered at 350 °C for 
1.5 h; (c) Tempered at 350 °C for 1.5 h after air quenching 
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are apt to act as crack sources, accelerate the crack 
growth and thus cause the brittle fracture. The fractured 
section of the austempered sample, as shown in Fig. 8(b), 
is clearly seen to have a big concave pit with some 
dimples and contains fewer granules inclusions. The 
impact fracture surface of the tempered sample, as shown 
in Fig. 8(c), is composed of tearing ridges and small 
dimples, which shows a mixed ductile and brittle fracture 
feature. By synthesizing microstructure changes and 
mechanical characteristics after different heat treatments, 
the optimal process of LCAWS is considered as 
austenitizing at 1 000 °C, quickly cooling and then 
austempering at 350 °C for 1.5 h followed by air-cooling. 
With decreasing casting defects of the as-received 
LCAWS via hot-rolling and annealing, the austempered 
steel can be expected to attain higher mechanical 
performance. 
Figure 9 illustrates the wear mass loss of the sample 
austempering at 350 °C for 1.5 h tested by an abrasive 
wheel tester. It is clear that the austempered steel 
achieves good abrasion wear resistance, under the mass- 
loss ratio of as low as 170 mg/(km·cm2) at applied load 
of 70 N in the acidic slurry. The liner mass-loss rate is 
significantly greater with increasing the applied load, 
while the samples with lower loads exhibit better wear 
resistance with increasing the sliding distance at the 
steady state regime. This implies that the LCAWS steel is 
suitable for the marine structure with small abrasive load. 
Under similar abrasive conditions, the mass-loss rate of 
the austempered LCAWS sample is about 1/4 low 
compared with some low alloyed steels reported by 
SUNDSTRÖM et al [20]. Obviously, due to excellent 
anti-abrasive behavior and good performance potential, 
the novel steel grade alloyed with anti-corrosion 
elements (Cr and RE) can find wide applications in 
maritime engineering. 
 
 
Fig. 9 Wear mass loss versus sliding distance at different loads 
(austempered LCAWS at 350 °C for 1.5 h) 
 
4 Conclusions 
 
1) A novel low-carbon wear-resistance cast steel 
(LCAWS), multi-alloyed with Si, Cr, Mn, Al, Ni, Mo and 
Nb(RE) elements, was designed for ship vane pump 
suffering from serious abrasion. Its optimal heat 
treatment process and resultant performances were 
investigated to enhance the toughness and abrasive 
resistance. 
2) After austenitized at 850−1 000 °C, more uniform, 
finer and harder water-quenched microstructures are 
formed, which is correlated with the higher austenitizing 
temperature. Thus, the optimum austenitizing temperature 
is set at 1 000 °C for alloying element homogenization 
and defective structure elimination without grain 
coarsening. 
3) Carbide-free bainites are formed after 
air-quenching or austempering, because metallic alloying 
elements (e.g. Ni, Cr and Mn) and noncarbide forming 
elements (Si, Al, etc.) can depress the bainite- 
transformation onset temperature and inhibit carbide 
precipitation during cooling, respectively. The sample 
austempered at 350 °C for 1.5 h has the higher tensile 
strength by 34% and impact toughness by 50% than 
those of the as-cast materials , which is attributed to the 
formation of the uniform carbide-free aciculate bainite 
structure mixed few lath martensites. 
4) Through the optimum heat treatment of 
austenitizing at 1 000 °C followed by austempering at 
350 °C for 1.5 h, the steel is of good wear resistance with 
a mass-loss rate of 170 mg/(km·cm2) under applied load 
of 70 N in acidic slurry. Comprehensive characteristic 
can be expected to be further enhanced by the 
improvement of the melting process, thus the new grade 
steel can find wide applications in maritime engineering. 
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